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Abstract. An important problem in the design of printing equipment is measurement of vibrations 
of rollers and also of their segments in the designed folding machines. Such measurements were 
carried out in the process of this investigation. Laser displacement head “Microtrack LTC 
200-100” was applied during the process of performed measurements. Results from the 
experiment were obtained and analyzed at the pre-selected positions of the investigated rollers and 
also of their segments. Vibrational displacements were determined (they have the form of 
beatings) of the investigated rollers and also of their segments, which originate during the process 
of rotation. They influence the quality of resulting printing products. Plane stress problem by 
taking into account orthotropic properties of material is analyzed. Supplementary stiffness, which 
takes place because of the static loading as a result of action of centrifugal forces, is used in the 
analyzed model. Eigenmodes are calculated and analyzed. 
Keywords: measurement of vibrations, experimental setup, folding machine, roller, quality of 
printing, printing products, rotating element, plane stress, orthotropic material, centrifugal forces, 
vibrations, eigenmodes. 
1. Introduction 
An important problem in the design of printing equipment is measurement of vibrations of 
rollers and also of their segments in the folding machines. Such measurements were carried out in 
the process of this investigation. Laser displacement head “Microtrack LTC 200-100” was applied 
during the process of performed measurements. Results from the experiment were obtained and 
analyzed at the pre-selected positions of the investigated rollers and also of their segments. 
Vibrational displacements were determined (they have the form of beatings) of the investigated 
rollers and also of their segments, which originate during the process of rotation. They influence 
the quality of resulting printing products. 
Plane stress problem by taking into account orthotropic properties of material is analyzed. 
Supplementary stiffness, which takes place because of the static loading as a result of action of 
centrifugal forces, is used in the analyzed model. Eigenmodes are calculated and analyzed. 
This paper presents a continuation of the previous analysis performed by the authors. Basic 
results from earlier investigations have been presented in [1-3]. Experimental setup was designed 
and developed and the performed experimental procedure was implemented on the basis of the 
material, which is presented in [4-7]. The performed numerical analysis is based on the procedure 
described in the earlier papers of the authors as well as on the material presented in [8-11]. Related 
engineering problems are described and investigated in other papers of various authors [12-22]. 
Thus, the aim of the authors of this paper is to determine the level of wear of rollers located in 
the folding machine by performing measurements of the displacements of surfaces of the 
investigated rollers. 
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2. Numerical procedure for the analysis of plane vibrations of a rotating orthotropic element 
of the investigated structure 
Further in this paper ݔ and ݕ denote the axes of the orthogonal system of coordinates. Firstly, 
the plane stress problem is solved. The stiffness matrix of this problem has the usual form: 
ሾܭሿ = නሾܤሿ்ℎሾܶሿሾܦሿሾܶሿ்ሾܤሿ݀ݔ݀ݕ, (1)
where ℎ is used to denote the thickness of the analyzed structure and also: 
ሾܤሿ =
ۏ
ێێ
ێێ
ێ
ۍ߲ ଵ߲ܰݔ 0 …
0 ߲ ଵ߲ܰݕ …
߲ ଵܰ
߲ݕ
߲ ଵܰ
߲ݔ …ے
ۑۑ
ۑۑ
ۑ
ې
, (2)
where ଵܰ, ଶܰ,…, ଽܰ are used to denote the conventional shape functions of the applied finite 
element (two dimensional Lagrange element with quadratic approximation is used). The 
transformation matrix for the investigated problem has the conventional form: 
ሾܶሿ = ൥
ܿଶ ݏଶ −2ݏܿ
ݏଶ ܿଶ 2ݏܿ
ݏܿ −ݏܿ ܿଶ − ݏଶ
൩, (3)
where the assumed directions of orthotropic qualities of the investigated material for this problem 
are coinciding with the radial direction and with the angular direction of the circular element of 
the folding machine. On the basis of the described assumptions it is considered that the following 
equalities hold: 
ܿ = ݔඥݔଶ + ݕଶ ,   ݏ =
ݕ
ඥݔଶ + ݕଶ. (4)
The matrix of physical parameters describing the elastic properties of the analyzed material 
having orthotropic qualities is assumed to have the form: 
ሾܦሿ =
ۏ
ێ
ێ
ێ
ێ
ێ
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ۑ
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, (5)
where ܧ௫ᇱ, ܧ௬ᇱ are modulus of elasticity in the directions of the axes of orthotrophy and ߥ௫ᇱ௬ᇱ, ߥ௬ᇱ௫ᇱ 
are Poisson’s ratios of the orthotropic material. Also, as usual for orthotropic materials it is 
assumed that the following relationship is true: 
ܧ௫ᇱ = ܧ௬ᇱ
ߥ௫ᇱ௬ᇱ
ߥ௬ᇱ௫ᇱ. (6)
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The loading vector for the static problem which is caused by the centrifugal forces that take 
place for the angular velocity equal to one, that is ߱ = 1 rad/sec is of the form presented further: 
ሼܨሽ = නሾܰሿ் ቄߩݔߩݕቅ ℎ݀ݔ݀ݕ, (7)
where ߩ is used to denote the density of the material of the analyzed element of the folding device 
and the matrix of the previously described shape functions has the conventional form, that is: 
ሾܰሿ = ൤ ଵܰ 0 …0 ଵܰ …൨. (8)
By performing the solution of the system of linear algebraic equations the static displacements 
for the loading force which was previously described in detail and is caused by the centrifugal 
forces the vector of nodal displacements of the elastic structure ሼߜሽ is obtained. 
Then it is necessary to calculate the supplementary stiffness matrix which is caused by the 
previously described centrifugal loading. This matrix has the conventional form presented further: 
ሾܭఙሿ = නሾܩሿ்ℎሾܯఙሿሾܩሿ݀ݔ݀ݕ, (9)
where it is denoted that: 
ሾܩሿ =
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ێ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ߲ ଵ߲ܰݔ 0 …
0 ߲ ଵ߲ܰݔ …
߲ ଵܰ
߲ݕ 0 …
0 ߲ ଵ߲ܰݕ …ے
ۑ
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ې
. (10)
And also, it is assumed that: 
ሾܯఙሿ =
ۏێ
ێێ
ۍ ߪ௫ 0 ߬௫௬ 00 ߪ௫ 0 ߬௫௬
߬௫௬ 0 ߪ௬ 0
0 ߬௫௬ 0 ߪ௬ ے
ۑۑ
ۑې. (11)
This expression involves the stresses, which are to be calculated on the basis of the relationship 
presented further: 
൝
ߪ௫
ߪ௬
߬௫௬
ൡ = ሾܶሿሾܦሿሾܶሿ்ሾܤሿሼߜሽ. (12)
The full stiffness matrix is to be determined finally. This matrix is obtained for rotation by the 
angular velocity ߱. It is of the form presented further: 
ሾܭഥሿ = ሾܭሿ + ߱ଶሾܭఙሿ. (13)
Finally, the mass matrix is required. For the analyzed problem, it is of the conventional form 
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presented further: 
ሾܯሿ = නሾܰሿ்ߩℎሾܰሿ݀ݔ݀ݕ. (14)
3. Eigenmodes of plane vibrations of the rotating orthotropic element of the investigated 
element of the folding machine 
The analyzed element of the folding machine has the shape of a circle with the internal radius 
having the value of 0.02 m and the external radius having the value of 0.04 m. In the present 
investigation, it is considered that the thickness of the investigated element of the folding machine 
has the value ℎ = 0.0001 m. The following boundary conditions are assumed: all displacements 
of the nodes are considered to be equal to zero (that is the structure is fastened) on the internal 
radius of the analyzed element of the folding machine. It is considered that the physical parameters 
of the investigated element of the folding machine have the following values: elastic modulus 
ܧ௬ᇱ =  0.34·109 Pa, the two Poisson’s ratios ߥ௫ᇱ௬ᇱ =  0.4 and also ߥ௬ᇱ௫ᇱ =  0.14, density of the 
investigated material of the analyzed element of the folding machine ߩ = 785 kg/m3. 
The first eigenmodes were calculated and for the value of ߱ = 0 rad/sec are represented in  
Fig. 1. 
 
a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
 
g) 
 
h) 
 
i) 
Fig. 1. Eigenpairs when the analyzed element of the folding machine does not experience rotation:  
a) the first, b) the second, …, i) the ninth eigenpairs 
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The first eigenmodes were calculated and for the value of ߱ = √10଼ rad/sec are represented 
in Fig. 2. 
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d) 
 
e) 
 
f) 
 
g) 
 
h) 
 
i) 
Fig. 2. Eigenpairs when the analyzed element of the folding machine does experience rotation:  
a) the first, b) the second, …, i) the ninth eigenpairs 
The element of the folding machine with interchanged qualities of the orthotropic material was 
also analyzed. The following parameters of the element of the folding machine were taken into 
account: elastic modulus ܧ௬ᇱ = 0.34 ⋅ 10ଽ ଴.ସ଴.ଵସ ≈ 9.71429 ⋅ 10଼ Pa, the two Poisson’s ratios 
ߥ௫ᇱ௬ᇱ = 0.14 and also ߥ௬ᇱ௫ᇱ = 0.4. 
The first eigenmodes were calculated and for the value of ߱ = 0 rad/sec are represented in  
Fig. 3. 
The first eigenmodes were calculated and for the value of ߱ = √10଼ rad/sec are represented 
in Fig. 4. 
From the obtained numerical results of performed analysis it is determined that the change of 
the physical parameters of the investigated element of the folding machine does have a substantial 
and evident effect to the shapes of the higher eigenmodes of the investigated element of the folding 
machine. 
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Fig. 3. Eigenpairs when the analyzed element of the folding machine does not experience rotation:  
a) the first, b) the second, …, i) the ninth eigenpairs 
4. Results of experimental investigations of vibrations of the rollers of the element of the 
folding machine 
In the described experimental investigation measurements of vibrations of the elements of the 
analyzed folding machine, that is of rollers and also of their segments, were performed by using 
the proposed and developed experimental setup. This setup involves the laser head for performing 
the measurement of the required displacements of the type “Microtrack LTC 200-100”. Various 
methods of supplying of rotational motion to the rollers can be considered. In the presented and 
performed analysis the rollers were supplied by rotational motion manually. Results of performed 
measurements were transferred to and registered by a personal computer. Measurements of 
displacements of the analyzed rollers of the folding machine were performed at various 
pre-selected points, some of the typical points are indicated in Fig. 5. Results of performed 
measurements after this were processed by applying a special filter for low frequencies. Thus, it 
was possible to separate low frequency vibrations, which show the displacements of the 
investigated roller of the folding machine and of its segments in the process of performed 
measurements. Detailed description of the developed devices used in the experimental setup, as 
well as of the proposed experimental procedure, also the choice of the points in which analysis 
and measurements are performed, the use of the special digital filtering procedure and the choice 
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of the type and special parameters of the applied digital filter are presented in the previous 
investigations as well as papers of the authors. 
 
a) 
 
b) 
 
c) 
 
d) e) 
 
f) 
 
g) 
 
h) 
 
i) 
Fig. 4. Eigenpairs when the analyzed element of the folding machine does experience rotation:  
a) the first, b) the second, …, i) the ninth eigenpairs 
 
Fig. 5. General view of 8 pockets of the analyzed folding device and locations  
of pre-selected points at which measurements were performed (1-4) 
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Further some of the obtained typical results of analysis when the rollers of the investigated 
folding machine are rotated manually are shown. In Fig. 6 the results obtained when performing 
the procedure of measurements of the investigated displacements at some of the typical  
pre-selected points of measurement of the rollers of the investigated folding machine are  
presented. 
The obtained results of performed analysis and measurements were investigated in detail. It is 
evident that vibrational motions and processes of various types take place and can be seen in the 
analyzed element of the folding machine. But after successful processing of results and application 
of the proposed low pass digital filter and after the process of choosing of suitable parameters of 
this digital filter it is possible to obtain low frequency vibrations. They satisfactorily correspond 
with the natural vibrations obtained previously and represented by the eigenpairs. 
 
a) Measurement performed at position  
number 1, resulting displacement (mm)  
is a function of time (sec) 
 
b) Measurement performed at position  
number 2, resulting displacement (mm)  
is a function of time (sec) 
 
c) Measurement performed at position  
number 3, resulting displacement (mm)  
is a function of time (sec) 
 
d) Measurement performed at position  
number 4, resulting displacement (mm)  
is a function of time (sec) 
Fig. 6. Typical results of obtained measurements of the analyzed displacements  
of rollers of the folding machine at pre-selected points of analysis 
5. Conclusions 
Measurements of vibrations of the rollers of the folding machine and also of their segments 
were carried out in the process of this investigation. Laser displacement head “Microtrack LTC 
200-100” was applied during the process of performed measurements. In the presented procedure 
of investigations, the rollers of the folding machine were rotated manually. Results of the 
performed measurements were transferred to and then registered by using a personal computer. 
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Results from the experiment were obtained and analyzed at the pre-selected positions of the 
investigated rollers and also of their segments. Results of those measurements were processed by 
applying a low frequency filter of special type, thus separating vibrations of low frequency, which 
reflect the displacements of the analyzed roller of the folding machine and of its segments in the 
process of performed measurements. 
Plane stress problem by taking into account orthotropic properties of material is analyzed. 
Supplementary stiffness, which takes place because of the static loading as a result of action of 
centrifugal forces, is used in the analyzed model. Eigenmodes are calculated and analyzed. 
Two problems with different values of physical parameters were analyzed in this paper. From 
the obtained and presented results it is seen that the change of the physical parameters does have 
a substantial effect to the higher eigenmodes of the element of the folding machine. 
The obtained results of performed analysis and measurements were investigated in detail. It is 
evident that vibrational motions and processes of various types take place and can be seen in the 
analyzed element of the folding machine. But after successful processing of results and application 
of the proposed low pass digital filter and after the process of choosing of suitable parameters of 
this digital filter it is possible to obtain low frequency vibrations. They satisfactorily correspond 
with the natural vibrations obtained previously and represented by the eigenpairs. 
The obtained results of analysis are used in the process of design of rollers of the folding 
machines and of their elements. Also, these results which were obtained during the performed 
investigations allow to predict and determine the time when it is already necessary to carry out the 
process of renewal of obsolete rollers of the folding machine in order to ensure that the folding of 
printing products would be performed qualitatively. 
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